In this study, Gd 3+ and Er 3+ double-doped CeO2 was synthesized by a microemulsion method. Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 composite electrolyte was prepared by mixing Ce0.8Er0.1Gd0.1O2-α powder with binary sulphates. The structures of Ce0.8Er0.1Gd0.1O2-α and Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 were characterized by X-ray diffraction (XRD) and Raman spectrometer. XRD spectra showed that the Ce0.8Er0.1Gd0.1O2-α structure was not affected by K2SO4-Li2SO4. Raman spectrometer further indicated that the prepared Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 had a cubic structure of CeO2 and the existence of SO4 2-. The maximum conductivity of Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 reached 0.21 S·cm -1 at 700 °C.
INTRODUCTION
Fuel cells can directly convert chemical energy into electrical energy without burning. To make yttria-stabilized zirconia (YSZ) achieve sufficient ionic conductivity, traditional solid oxide fuel cells (SOFCs) are usually operated at 800-1000 °C. Reducing operating temperature can effectively improve the two major problems of high temperature operation: short life and unreliability [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Electrolyte is the core component of SOFCs. Doped ceria is the electrolyte material which has the highest ionic conductivity in the intermediate temperature range (400-700 °C) [17] [18] [19] [20] . Colet-Lagrille et al. synthesized MoxCe1-xO2−δ using a combustion method and Mo0.1Ce1.9O2−δ had the maximum conductivities of 1.87×10 -3 S·cm -1 and 9.37×10 -1 S·cm -1 in air and H2 at 800 °C [19] . However, part of Ce 4+ being reduced to Ce 3+ in reducing atmosphere is the biggest problem of doped ceria. Co-doping is a very effective means of inhibiting reduction of Ce 4+ . Double doped ceria usually has lower activation energies than single doped ceria [21] [22] [23] [24] [25] [26] . Parkash et al. found that Ce0.8Nd0.18Y0.02O1.9 had higher conductivities than that of Ce0.8Nd0.2O1.9 [23] .
In addition, composite electrolytes can also increase ionic conductivity and effectively inhibit the electronic conduction of Ce 4+ [27] [28] [29] [30] [31] [32] [33] [34] [35] . Park et al. found that barium zirconate-ceria composite electrolyte had higher conductivities than that of single BaZr0.85Y0.15O3−δ [27] . Marques et al. investigated ceria-carbonate composite electrolytes which had long-term stability in air, CO2 and H2-N2 atmospheres [28] . Ceria-carbonate composite electrolytes had high ionic conductivities at medium temperature, therefore, high output fuel cell performances could be obtained without a film forming. As far as we know, there are few reports about ceria-sulphate composite electrolytes.
In this study, Gd 3+ and Er 3+ double-doped CeO2 was synthesized by a microemulsion method. Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 composite electrolyte was prepared by mixing Ce0.8Er0.1Gd0.1O2-α powder with binary sulphates. The single and composite electrolytes were characterized and studied in terms of phase, morphology, conductivity and fuel cell performances at 400-700 °C.
EXPERIMENTAL
Ce0.8Er0.1Gd0.1O2-α electrolyte was prepared by the microemulsion method. Er2O3, Gd2O3 and (NH4)2Ce(NO3)6 with mole ratios of 1:1:8 were dissolved and mixed evenly. Anhydrous alcohol, PEG and cyclohexane were added to form the microemulsion A according to the total molar number of metal cations in the solution. PEG, (NH4)2CO3, NH4OH, anhydrous alcohol and cyclohexane were mixed evenly and dripped into microemulsion A with continuous stirring. After being filtrated and dried for 2 h, the nanoparticles were obtained. The nanoparticles were calcined at 900 °C and 1500 °C for 5 h, to get Ce0.8Er0.1Gd0.1O2-α. In the prepared Ce0.8Er0.1Gd0.1O2-α powder, K2SO4 and Li2SO4 (1:1 mole ratio) with the required proportions were added [36] . Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 composite electrolyte was prepared by heating the mixture for 1 h at 750 °C.
The structures of Ce0.8Er0.1Gd0.1O2-α and Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 were characterized by X-ray diffraction and Raman spectrometer. The Ce0.8Er0.1Gd0.1O2-α and Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 were polished with sandpaper and coated with Pd-Ag slurry on both sides. The samples were dried and placed in an electric furnace. The AC impedance spectra of the samples were measured in air at 400-700 °C by electrochemical workstation. The test frequency ranged from 1 to 10 5 Hz and the signal voltage was 0.05 V. The assembled fuel cells of Ce0.8Er0.1Gd0.1O2-α and Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 were placed in hydrogen and oxygen atmospheres, respectively. The volt-ampere curves and impedance of fuel cells under open circuit state were measured by electrochemical workstation at 700 °C. Fig. 1 is a comparison of XRD spectra of Ce0.8Er0.1Gd0.1O2-α and Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 prepared at different calcination temperatures. From Fig. 1 , it can be seen that the diffraction peaks of all samples are sharp, which indicates that the crystallinity is good. The half-peak width of the 900 °C calcined sample is wider, which indicates that the crystal sizes are smaller. After the samples are sintered at 1500 °C for 5 h, the peak strength increases and the half-peak width narrows obviously, which indicate that the crystal sizes increase. In addition to CeO2 phase, a small amount of KLiSO4 phase exists in the Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 sample. Maybe this is because K2SO4-Li2SO4 is molten while being heated at 750 °C for 1 h. While Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 is cooled to room temperature, most of K2SO4-Li2SO4 does not crystallize and exists in an amorphous form. Therefore, KLiSO4 has only weak peaks in the XRD pattern. XRD spectra show that the Ce0.8Er0.1Gd0.1O2-α structure is not affected by K2SO4-Li2SO4, which means that it has good corrosion resistance to molten sulphates [21] [22] [23] [24] [25] [26] [27] [28] . 20 30 Raman spectra of Ce0.8Er0.1Gd0.1O2-α (900 °C, 1500 °C) and Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 (1500 °C) are shown in Fig. 2 . There are strong Raman activity peaks in the F2g mode of Ce-O-Ce symmetrical stretching vibration for Ce0.8Er0.1Gd0.1O2-α (1500 °C) and Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 (1500 °C) at 497 and 520 cm -1 . Compared with the 1500 °C sintered samples, 900 °C sintered Ce0.8Er0.1Gd0.1O2-α has imperfect Raman peaks because of its small particle size. Although Ce0.8Er0.1Gd0.1O2-α (900 °C) structure agrees with the CeO2 in Fig. 1 , the grain boundary is not formed well in Fig. 2 . Oh vibrational mode corresponds to 674 cm -1 . Raman peaks around 556 cm -1 correspond to the S-O bending deformation vibration. Raman peaks near 980 cm -1 are attributed to the S-O symmetrical telescopic vibration [37] [38] [39] . This shows that the prepared Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 has a cubic structure of CeO2 and the existence of SO4 2-, which is consistent with Fig. 1 Figure 3 . Arrhenius curves of Ce0.8Er0.1Gd0.1O2-α (1500 °C) and Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 (1500 °C) at 400-700 °C. Fig. 3 shows Arrhenius curves of Ce0.8Er0.1Gd0.1O2-α (1500 °C) and Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 (1500 °C) in air at 400-700 °C. The ionic conduction of Ce0.8Er0.1Gd0.1O2-α (1500 °C) could be ascribed to the partial substitution of Ce 4+ with Er 3+ and Gd 3+ ions which formed oxygen vacancies [18] [19] [20] [21] [22] [23] . The Arrhenius curve of Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 has a turning point where the conductivity transits near the temperature of 625 °C. This may be attributed to the change of the concentration of charge carriers. The enhancement effect of conductivity is caused by the interface between Ce0.8Er0.1Gd0.1O2-α and K2SO4-Li2SO4 [32] [33] [34] [35] . Below the transition temperature, sulphate is solid phase, which hinders ionic charge carriers' jump and mobility. Ions are mainly transported through the interface and bulk of Ce0.8Er0.1Gd0.1O2-α. Therefore, the conductivities of the composite are equivalent to Ce0.8Er0.1Gd0.1O2-α. With the increase of temperature, the melting process of sulphate begins to extend from the interface region to bulk phase. Above the transition temperature, the sulphate in the interface region begins to melt, which is conducive to the conduction of ion defects through the interface region. The maximum conductivity of Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 reached 2.1×10 -1 S·cm -1 at 700 °C [23, [32] [33] [34] [35] . The high frequency related to the bulk resistance of Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 (1500 °C) could not be seen due to the instrumental limitations at the tested temperatures. From low frequency, an arc can be attributed to the resistance between the electrode and the electrolyte [9, [33] [34] . The different values of high and low frequencies are the polarization resistance (Rp). It can be seen that Rp of Ce0.8Er0.1Gd0.1O2-α (1500 °C) and Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 (1500 °C) are 8.7 ·cm 2 and 1.1 ·cm 2 at 700 °C, respectively [31] [32] [33] [34] . 
RESULTS AND DISCUSSION

CONCLUSIONS
In this study, Gd 3+ and Er 3+ double-doped CeO2 was mixed with binary sulphates to synthesize Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 composite electrolyte. XRD spectra showed that the Ce0.8Er0.1Gd0.1O2-α structure is not affected by K2SO4-Li2SO4. The polarization resistance of Ce0.8Er0.1Gd0.1O2-α (1500 °C) and Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 (1500 °C) are 8.7 ·cm 2 and 1.1 ·cm 2 at 700 °C, respectively. The maximum output power densities of Ce0.8Er0.1Gd0.1O2-α and Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 are 16.3 mW·cm -2 and 98.1 mW·cm -2 at 700 °C, respectively.
